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Abstract 
We summarize a number of recent modeling studies related to the potential for fault reactivations and induced 
seismicity during underground CO2 injection. The model simulations were conducted using coupled multiphase fluid 
flow and geomechanics, including fault-frictional weakening enabling analysis of sudden (seismic) fault rupture, with 
some of the numerical analyses extended to dynamic modeling of seismic source, wave propagation, and ground 
motion. These model simulations show that the critical factors in determining the likelihood and magnitude of such 
an event are the local in situ stress field, fault orientation and size, fault strength, and injection pressure. We analyzed 
the case of activation of a 1km long minor fault that might have gone undetected during the site investigation and 
show that the maximum seismic magnitudes would likely be less than about 3.6, even if the entire 1 km fault would 
to be activated. We then include seismic wave propagation generated by the rupture and show how the acceleration 
and deceleration of the rupture generate waves and result in a peak ground acceleration of about 0.1g, except for a 
localized –0.6 g of horizontal peak acceleration at the faults intersection with the ground surface. The modeling 
shows that these are high frequency events that would not cause any substantial damage but could certainly be felt by 
the local population. We may also considered that fault reactivation, even associated with relatively small seismic or 
aseismic events, could potentially increase CO2 seepage out of the intended storage complex and therefore reduce the 
effectiveness of a CO2 storage operation. Under these circumstances, we recommend a staged, learn-as-you-go 
approach, involving a gradual increase of injection rates combined with continuous monitoring of geomechanical 
changes, as well as siting beneath a multiple layered overburden for multiple flow barrier protection, should an 
unexpected deep fault activation occur.  
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1. Introduction 
The importance of geomechanics has recently become more widely recognized as the possible 
magnitude and extent of pressure disturbance associated with large-scale CO2 storage operations have 
become more apparent [1]. There are concerns related to the potential for triggering notable (felt) seismic 
events and how such events could impact the long-term integrity of a CO2 repository, as well as how it 
could impact the public perception of GCS [1]. The shut-down of a geothermal project in Basel after a 3.4 
magnitude seismic event [2] is a well-known example, in which ground motion felt by nearby 
communities was a show stopper. Ultimately, it might be public perception that will determine whether 
GCS is implemented at a large scale [3]. Thus, large-scale GCS has to be developed with great care, and 
geomechanics will play a key role in site-specific GCS risk analyses and for designing a safe operation 
[4].  
We summarize a series of recent modeling studies related to the potential for fault reactivations and 
induced seismicity during underground CO2 injection [5, 6, 7, 8]. The model simulations were conducted 
using a coupled multiphase fluid flow and geomechanics numerical model [9], in this case including fault-
frictional weakening for the analysis of sudden (seismic) fault rupture and in one case extended to 
dynamic modeling of seismic source, wave propagation, and ground motion. The model simulations 
illustrates what it would take to create a magnitude 3 or 4 seismic event that would not result in any 
significant damage at the groundsurface, but could raise concerns in the local community and could also 
affect the deep containment of the stored CO2. We discuss possible bounds on magnitude seismic event 
for minor faults that might exist but may not be detectable in the seismic survey during site 
characterization. Using the dynamic modeling we present results on ground motion and peak ground 
acceleration. Finally, considering the potential for opening up new flow path associated with fault 
activation, we conclude with recommendations involving a learn-as-you-go approach for a safe operation 
minimizing the risk of unwanted geomechanical changes.  
2. Modeling approach and setup 
The simulation presented in this paper were conducted with coupled thermo-hydro-mechanical code 
TOUGH-FLAC, which is described in [9], and was first applied to study fault rupture related to 
multiphase fluid flow and crustal deformations in Rutqvist et al. [10] and Cappa et al. [11]. TOUGH2 is a 
finite-volume code for the simulation of multiphase fluid flow, and FLAC3D is a finite-difference code 
for the simulation geomechanics, here applied for modeling of fault rupture as well as wave propagation.  
The basic model geometry considered in all cases is a fault with a dip angle of 80° and width of 2.5 m 
that intersect a permeable injection formation. For example, Fig. 1a shows the model geometry used in 
Cappa and Rutqvist [5], considering a fault with an initial shear displacement offset (throw) of 125 m, 
leading to a hydraulically confined reservoir. It is a vertical cross-section normal to the strike of the fault 
represented in a 2D plane-strain model (2 km × 2 km). The storage formation is 100 m thick and bounded 
at the top and bottom by a low-permeability 150 m thick formations, which, in turn, is surrounded by two 
other permeable formations.  
CO2 is injected as a point source within storage formation with a constant rate of 0.02 kg/m/s (i.e. 
630.72 tons/m/year). This is the injection rate for the half symmetric model and per meter normal to the 
2D model and is intended to produce an aggressive rate of reservoir pressure increase that would lead to 
fault activation within few months of injection. Our simulations were conducted to intentionally induce 
fault activation, which occurred at a high reservoir pressure in an unfavorable stress regime. It is an 
extreme case that in practice could be avoided by careful site characterizations, monitoring and injection 
control. We may though relate this injection rate to a field situation. For example, assuming that injection 
would take place in a 1 km long horizontal well, the total injection rate for that well would be 630.72 × 2 
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× 1000 ≈ 1.26×106 tons/year, i.e. about 1.3 million tons per year. We may also relate this to real injection 
rates at the In Salah CO2 storage project, where injection rates have been 0.5 to 1.0 million tons per year 
distributed over 3 horizontal injection wells, each 1 to 1.5 km long [12].  
In the various model simulations different types of faults, such as different shear offsets and 
permeability, which strongly affect the injection-induced pressure evolution in the vicinity of the fault.  
Initial conditions are derived assuming (1) hydrostatic fluid pressure with the ground water table adjacent 
to the ground surface, (2)  a temperature assuming a depth gradient of 25°C/km a ground-surface 
temperature of 10°C, and (3) a vertical stress from the weight of the overburden rock for a bulk density of  
density ρ = 2260 kg/m3. The initial horizontal stress varies from case to case, but with the base case being 
a factor 0.7 of the vertical stress, i.e. σh = 0.7σv.  
Properties for the permeable formations and the bounding low permeable layers represent sandstone 
and shale, respectively (Table 1). Reservoir rocks are considered to be elastic, whereas elasto-plastic 
behavior is considered for the fault, including an anisotropic Mohr-Coulomb model (ubiquitous joints 
presented in Cappa and Rutqvist [5, 6]). The permeability of the fault changes with the volumetric 
changes with volumetric strain and porosity as introduced by Cappa and Rutqvist [6]. Moreover, in Cappa 
and Rutqvist [5], the analysis was extended to include sudden seismic response through a strain softening 
formulation for the fault shear. This was achieved using model in which the coefficient of friction softens 
with shear from a peak static value, μs = 0.6, to a dynamic value, μd = 0.2, over a critical strain of 10-3.  
3. Seismic magnitude calculation for a reservoir bounding fault 
Cappa and Rutqvist [5] presented calculations of using seismological theories and observations to 
study what it would take to induce a seismic event of a certain magnitude for a case with a reservoir 
bounding fault. The case was for a fault with a shear displacement offset (throw) of 125 m, which 
provides an unfavourable case in which fluid pressure build up in the reservoir can create increased shear 
stress on the fault along with reducing effective stress and fault shear strength (Fig. 1a).  
In seismological theories, quantification of the overall size of an earthquake is generally based on the 
seismic moment M0 defined for a ruptured patch on a fault by Kanamori and Brodsky [13]:  
 M0 = μAd       (1) 
where μ is the shear modulus, A is the rupture area, and d is the mean slip. The moment magnitude 
(M) of an earthquake is given, in terms of seismic moment, by Kanamori and Anderson [14] as 
Mw = (log10 M0 / 1.5) - 6.1      (2) 
where the seismic moment, M0 , is in Nm. Fig. 1 shows the results of a model simulation of an 
injection-induced Mw = 3.4 seismic event [5]. An Mw = 3.4 seismic event is the equivalent to the 
maximum magnitude at the aforementioned Basel geothermal project [2]. In this simulation example, a 
fault section of 385 m was instantaneously ruptured once the injection overpressure exceeded 10 MPa. 
Over the ruptured zone, the calculated maximum shear stress drop was 2 MPa, and the maximum slip was 
8 cm. The seismic moment and the corresponding magnitude was estimated from Equations (1) and (2) 
for the calculated mean slip over the ruptured area and the rock shear modulus. In Fig. 2, the results for 
simulations at different initial stress fields (ratio between horizontal and vertical stress being σh/σv = 0.6, 
0.7 and 0.8) were related to other field data from both natural and injection-induced seismicity. Fig. 2 
shows that a magnitude 4 event would require a source radius on the order of 1 km.  
Overall, the simulation results in Cappa and Rutqvist [5] showed that the size of the rupture area, and 
consequently, the earthquake magnitude and energy, is strongly dependent on initial horizontal-to-vertical 
stress ratio and also somewhat dependent on fault permeability. In fact, for a low horizontal-to-vertical 
stress ratio of 0.6, the fault reactivated across the entire 2 km high model as a result of the strain softening 
fault mechanical model when the coefficient of friction drops from 0.6 to 0.2. For the particular fault 
configuration studied in this case, fault permeability had a small effect on the resulting seismic 
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magnitude, unless the fault permeability was set so high that fluid pressure just leaked-off and reservoir 
pressure could not be increased a critical value for fault reactivation.   
4. Bounding maximum seismic magnitude for undetected minor fault  
Mazzoldi et al. [8] discussed the possibility of bounding the maximum seismic magnitude that could 
occur for faults that might have gone undetected in the site characterization process. An undetected fault 
was envisioned as a fault with a shear offset (throw) of less than 10 m, because such a fault might not be 
clearly visible using an industry-standard surface seismic survey. Moreover, as described in Mazzoldi et 
al. [8], based on empirical fault geometry data, a fault with 10 m throw could be expected to be less than 
1 km long. Therefore, the case of a 1 km long fault having a small offset was analyzed (Fig. 3a). This case 
is different from the case described above in that the initial fault shear offset (throw) is small compared to 
the thickness of the reservoir, and therefore the reservoir is not completely bounded from hydraulic 
viewpoint. The fault will in this case act as a flow barrier only if its cross fault permeability is small 
compared to that of the reservoir permeability.     
In the TOUGH-FLAC numerical modeling a permeability distribution along the fault was adopted 
based on geological evidence [8]. For example, permeability of the fault section within the caprock was 
set to be orders of magnitude smaller than that for the fault section within the sandstone. Note, though 
that if the fault permeability within the sandstone is relatively high compared to that of the sandstone 
itself, fluid flow can easily pass through it resulting in a continuous pressure gradient. In such case 
significant shear stress will develop across the fault, which thereby does not easily rupture. Only in the 
case of fault permeability much lower than that of the sandstone aquifer, it is a possibility to obtain a 
substantial cross fault pressure gradient and shear stress that could trigger fault reactivation. For example, 
in a reference case, values of fault permeability were kF-Aq = 10-15 m2 in the fault gouge of the sandstone 
and kF-Cap = 10-16 m2 in the fault gouge of the shale.  
For a horizontal-to-vertical stress ratio stress ratio of 0.7, the fault rupture was about 310 m extending 
through the lower caprock, but not through the upper one, while the calculated moment magnitude was 
about 2.7. However, when the stress ratio was reduced to 0.65, the fault ruptured in a self propagating 
mode, and the entire 1 km long fault ruptured (Fig. 3b, c). The magnitude was estimated to 3.6 in this 
case. Thus, when lowering the horizontal-to-vertical stress ratio (and the fault is closer to being critically 
stressed for shear), the fault could rupture outside the pressurized zone and the rupture length was limited 
by the length of the fault. In fact Mazzoldi et al. [8] did also use empirical data on shear displacement 
induced by single events and predicted a maximum moment magnitude of 3.6 in agreement with the value 
calculated by the numerical modelling.  
5. Dynamic analysis of fault rupture and seismic wave propagation 
Cappa and Rutqvist [7] extended the previous quasi-static analysis by Cappa and Rutqvist [5] to 
include seismic wave propagation generated by the rupture. The case with an offset fault bounding the 
reservoir was considered and with a stress ratio of 0.7 (Fig. 1a). The modeling involved a transition 
between the initial quasi-static phase and the dynamic phase occurring during rupture. Moreover, for this 
dynamic analysis a refined mesh with element sizes of 0.25 m were used along the rupture zone in order 
to resolve the weakening process over the nucleation zone and to avoid mesh-induced artificial 
reflections.  
For the assumed system and injection rate, simulations showed that after a few days of injection, a 
dynamic fault rupture of few centimeters nucleates at the base of the CO2 reservoir. Fluid pressurization 
(∼ 7.5 MPa) induces intense plastic shear strain distributed over a length of about 290 m with a maximum 
value of 4.5 × 10-3, in a portion of the fault just below the reservoir (red zone in Fig. 4a). As also observed 
in the previous quasi-static analyses, the full dynamic analysis shows that the rupture is self-propagating 
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as a result of fault-strength weakening. The slip grows gradually in and outside the pressurized zone and 
propagates dynamically (Fig. 4b). Over the ruptured zone, the slip magnitude ranges between 0.1 and 4.2 
cm from the tip to the center (Fig. 4a). The rupture occurs over about 0.2 seconds and propagates at an 
average velocity of 830 m/s (∼0.6CS). 
M = 2.96, are estimated for the rupture induced by the CO2 injection simulated here, at 500 m from the 
fault. We recognized that our calculated magnitudes depend on the assumed 1 km lateral extent of the 
rupture. This assumed rupture extent is uncertain, but could be related to for example the length of a 
horizontal injection well.   
Fig. 5 shows synthetic seismograms and Fourier acceleration spectra at two stations set on the ground 
surface, respectively at the center of the reservoir and on top of the fault. The ground motions are nearly 
identical with a first arrival at t=0.5 s that corresponds to the passing P-waves, and a second large peak at 
t=0.8 s that corresponds to the passing S-waves generated by the rupture. The second peak shows a 
substantial acceleration. The peak horizontal ground acceleration is higher than the vertical component, 
with the highest acceleration (∼0.6g) obtained near the fault. The acceleration and deceleration of the 
rupture generate waves and result in ground accelerations that increase gradually until 30 Hz, and then a 
sharp slope discontinuity marks a decrease at high frequency (Fig. 5e-f).  
The acceleration and deceleration of the rupture generate waves and result in ground accelerations (∼ 
0.1 to 0.6 g) consistent with observed ground motion records. The maximum ground acceleration is 
obtained near the fault, and horizontal accelerations are generally markedly higher than vertical 
accelerations.  
6. Concluding remarks  
Concerns about the potential for injection-induced fault reactivation and notable (felt) seismic events 
are key geomechanical issues that need to be addressed before commercial scale GCS operations can be 
deployed at a large scale. Although no felt seismic event has been reported from any of the current CO2 
storage projects, it should be recognized that potential future commercial GCS operations from large 
power plants will require injection at a much larger scale. Geomechanical modeling can certainly be used 
to guide the site selection and evaluate the potential for injection-induced fault reactivation and seismic 
events, but it is difficult to predict such an event and its magnitude. The main uncertainties are the in situ 
stress field and large-scale geomechanical properties and their distributions. It is the large-scale pressure 
buildup, associated crustal straining, and potential undetected faults that might be of greatest concern. The 
risk is generally expected to increase with injection volume, since this will increase the possibility that the 
expanding reservoir pressure reaches critically stressed faults of larger dimensions.  
Our generic analysis shows that indeed CO2 injection could cause minor seismic events (e.g. 
magnitude 3 to 4) that could be felt by the local populations. Fault activation of faults intersecting the 
injection zone is possible under certain site conditions and injection rate. Our calculated ground 
accelerations for a magnitude 3 event occurring at 1 km depth were around 0.1 g, except for a horizontal 
ground acceleration of 0.6 g near the fault. Note that these are relatively high frequency events with the 
dominant frequency around 30 to 40 Hz and therefore peak ground accelerations as high as 0.6 g might 
still be below the minor damage threshold for structures located at that point.  
To deal with the seismicity issue, a best-practice framework is needed for the site investigations. This 
could involve documentation of the historical natural seismicity, assessment of the potential for induced 
seismicity, and recommended steps for mitigation of the risk of the induced seismicity, as well as 
addressing the human element [16].  
Notwithstanding the potential for triggering notable (felt) seismic events, the potential for buoyancy-
driven CO2 to reach potable ground water and the ground surface is an important issue from safety and 
storage-efficiency perspectives. Much depends on the caprock and overburden fluid flow properties and 
also how these might change as a result of geomechanical changes. For large-scale CO2 storage in deep 
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saline aquifers, it appears that substantial overpressure may be required—lower than the fracturing 
pressure of the caprock, but perhaps exceeding the caprock’s capillary entry pressure and the caprock 
would then act as a permeability barrier. We know from natural and industrial analogues that fractures 
and faults in the caprock are important, and pressure-induced reshear of such fractures and faults could 
give rise to increased gas seepage sufficient to reduce the storage pressure over geologic time. This might 
be a small change in permeability and seepage when related to CO2 storage, taken over a time period of 
100 or 1000 years. Still, such changes and potentially increased CO2 seepage could reduce the 
effectiveness of a CO2 storage operation [4].  
Considering potential issues related to geomechanical changes associated with large-scale CO2 
injection operations, a staged, learn-as-you-go approach, in a multibarrier repository would be 
recommended [4]. Such an approach would include the following components: (1) selecting a site with an 
overburden of multiple low-permeability layers, providing a multiple barrier system, (2) carefully 
designing and regulating the injection pressure based on estimated in situ stress to avoid damaging 
geomechanical changes (3) conducting longer-term injection tests using water or CO2 combined with 
monitoring of geomechanical changes (such as ground surface deformations and microseismicity) to 
evaluate the potential for induced seismicity and to calibrate geomechanical models, (4) redesigning 
injection parameters and gradually ramping up the CO2 injection rate under continuous monitoring of 
geomechanical changes, (5) conducting long-term operational injection with continuous monitoring of 
geomechanical changes for early detection of potentially damaging geomechanical changes and for 
tracking of underground fluid movements.  
In this staged, learn-as-you-go approach, the monitoring of geomechanical changes (such as ground-
surface deformations and induced microseismicity) is vital for tracking underground fluid pressure 
evolution, possibly detecting emerging fault reactivations, and providing an early detection of potential 
migration out of the storage complex. A staged approach with an initially longer-term injection, 
accompanied by seismic and surface-deformation monitoring can be used to determine how prone the site 
is to triggering notable (felt) seismicity, and can provide the necessary data on site-specific seismicity (if 
any) to make predictions for long-term operational conditions.  
Finally, GCS beneath a system of multilayered overburden can be very beneficial from storage 
security perspective, because it provides multiple flow barriers against upward buoyancy-driven CO2 
migrations, which may be crucial in the event of unexpected reactivation of deep faults that might cross 
the storage unit. Thus, even if a deep fault is reactivated, and if such reactivation would lead to a local 
flow path out of the intended storage unit, the overlying low permeability layers could still provide 
necessary protection by impeding upward migration of the CO2 [4]. 
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Table 1. Basic rock properties 
Parameters Storage 
Formation 
Caprock Others 
Formations 
Fault 
Young’s modulus 10 GPa 10 GPa 10 GPa 5 GPa 
Poisson’ ratio 0.25 0.25 0.25 0.25 
Porosity 0.1 0.01 0.1 0.1 
Permeability 10-13 m2 10-19 m2 10-14 m2 10-16 m2 
 
 
 
 
 
 
 
 
Fig. 1. Fluid flow and geomechanical simulation of an injection induced fault reactivation corresponding to an Mw = 3.4 
seismic event [5]: (a) Numerical model geometry and initial conditions (considered a normal fault with a 125 m offset through a 100 
m thick reservoir bounded at the top and the bottom by a 150 m thick caprock); (b) a plastic shear strain-weakening friction law that 
governs the propagation of rupture along the fault zone; (c) fault slip versus time at three points located at the (1) top, (2) middle and 
(3) bottom of the reservoir, respectively (see Figure 1d for the location). Snapshots of change (relative to the initial state) in (d) fluid 
pressure, (e) CO2 saturation, and (f) plastic shear strain at the end of the sudden slip event (after 90 days of CO2 injection). 
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Fig. 2. Seismic scaling relationship after Viegas et al. [15]: source dimension (radius), seismic moment and magnitude. Red 
and black circles correspond to simulation results of CO2 injection-induced fault reactivation by Cappa and Rutqvist [5]. 
 
 
    
 
 
Fig. 3. Results of simulations analyzing the response of fault slip to changes in value of stress at the fault surface in the case of 
a 1 km long fault [8], considering stress ratios  equal to 0.7, 0.67 and 0.65. Highest resulting values are for faults nearest to critical-
stress state. Values of length of the rupture involved in the slip and consequent energy released are also reported [8].                                  
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Fig. 4. Results from full dynamic analysis of fault activation [7]. (a) Plastic shear strain in the ruptured area and slip profile at 
the time of seismic rupture, and evolution of (b) slip and (c) slip velocity as function of time at different control points along the 
fault (white triangles on (a)). The rupture starts at the bottom of the CO2 reservoir, near the control point 5.                                   
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Fig. 5. Results of ground motion calculations from the fully dynamic analysis [7]. (a-b) Horizontal and (c-d) vertical components 
of accelerations at the ground surface, and (e-f) Fourier amplitude spectra at two measuring points (see red triangles on Fig. 1): (top) 
at the reservoir centre (x=330, z=0), (bottom) on top of the fault (x=660, z=0). 
 
 
 
 
 
 
